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Abstract 
In this paper, the bending loss and the modal field distribution (MFD) of the depressed core optical fiber (DCOF) are investigated. 
The effect of optical and geometrical parameters on the bending loss, power confinement and MFD are examined in these fibers. 
Based on unique three layered structure of DCOF, the central air core, germanium silicate ring core, and silica cladding along 
with its mode transformation capability, we also demonstrated versatile applications in local area, wide area optical 
communication networks and tunable wavelength selective devices. Detailed design parameters and operation principles of the 
DCOF are discussed. 
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1. Introduction 
In the last three decades, development of modern optical communications demands high data rate, large 
bandwidth with long transmission distance. Recently, the depressed core fiber (also known as air core fiber) has 
drawn wide interest from the researchers due to its exceptional feature like, low bending loss, low mode field 
diameter (MFD), etc. The air core fiber provides improved optical characteristics that were not available in 
conventional fibers. Recently, various air core fibers like, Holey fibers1,2, hollow IR transmitting fibers3and omni-
guide fibers4 are designed and investigated around the world. These groups of fiber have unusual guiding structures 
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which provide varieties of new ways of novel applications. These air core optical fibers have unique and 
extraordinary optical properties, such as single mode operation5 for long distance communication. They also provide 
new degree of freedom in the visible region6 due to its unusual group-velocity dispersion (GVD). 
In most of air core fiber, the wave guidance achieved by total internal reflection. In the step index fiber where the 
refractive index in the central part is raised and lower refractive in the cladding is maintained by silica defects. The 
defects in DCOF open new way to achieve low mode field diameter and bend loss by changing core diameter. This 
holly structured, offer the control over optical power, polarization and spectral response7-9. The omni-guide fibers 
are designed based on the periodic radial structure of high and low refractive index layers. In DCOF the maximum 
optical power travels axially by the radial Photonic Bragg Condition. In the same way, IR transmitting hollow fibers 
carries the optical power through the central air core by reflective coating metal on the inner surface of the holey 
fiber. The air core fiber can be used as mode convertor and optical filter. 
2. Theory of DCOF 
 
. Fig. 1. Cross section view and Refractive index profile of a depressed core optical fiber 
 
A step hollow optical fiber consists of inner air core surrounding the high index outer ring core and silica 
cladding shown in Fig. 1. The numerical analysis of DCOF should be done by a full vectorial calculation rather than 
a weakly guiding assumption because of the large refractive index difference between inner air core and outer ring 
core. Still, mode cut-off was apprehensive, the linearly-polarized, the weakly guiding approximation is still valid. To 
confirm this, the results using the LP mode assumption and commercial software (OptiFiber) that uses a full 
vectorial simulation were compared. The error in the calculated effective indices of modes was within 1% in most 
cases. Therefore, in this paper, the weakly guiding approximation and the linearly polarized (LP) modes were 
considered for simplicity. This assumption will also be applied to the numerical approach to the modal properties of 
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the HCF, which will be discussed. The refractive indices of the inner air core, outer ring core and cladding sections 
are ݊௔௜௥   (=1),݊௖௢௥௘  and ݊௖௟௔ௗ  (=1.5 or 1.45) respectively, and the air-hole, the core and the cladding radii are ݎ௔௜௥ , 
ݎ௖௢௥௘ and ݎ௖௟௔ௗ  respectively. Here, the core thickness (T) is defined as 
                                                                       (1)core airT r r   
The electric field component of guided modes is defined as  
( , , ) ( )exp( )exp( ), 0, 1, 2,..           (2)E r z e r j l j z lI I E    r r  
where r, ׎are the radial and tangential co-ordinates in the plane perpendicular to the fiber axis and z is the length 
axis of the fiber. e(r) is an Eigen solution of the Helmholtz equation, which means the radial dependence of the 
electric field component. It can be written as follows10 
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Here, r is the radial position and A, B, C and D are constants.  ܫ௟ሺܭ௟ሻ is the l th order modified Bessel function of the 
first (second) kind and ܬ௟ሺ ௟ܻሻ is the l th order Bessel function of the first (second) kind. v, u and w are the model 
parameters and they are defined as 
2 2 2
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Here, the Eigen value of ݇଴ is the wave number and  ߚis the propagation constant of every mode. By applying the 
continuity of electric field at two boundaries ݎ ൌ ݎ௔௜௥and ݎ௖௢௥௘ , the following 4x4 matrix type characteristic 
equation can be obtained11 
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The propagation constant ሺߚሻ can be obtained from eqn. (7) numerically and the characteristic equation has multiple 
solutions discrete propagation constants ߚ௟௠(m =1, 2,…), which represents a guided mode, for each azimuthal index 
l. The transverse field distribution of each mode can be computed from eqn. (3) after determining the constants A, B, 
C and D from the achieved propagation constant ሺߚሻ value. Primarily targets the DCOF as a distributed fiber 
waveguide filter for high power fiber laser operating at short wavelengths. Therefore, calculating fiber parameters 
for fundamental cut-off mode are the main objective. Sequentially to achieve the fundamental cut-off mode 
wavelength, the propagation constant of the ଴ଵmode at several core thicknesses was calculated depending on 
wavelength and then it was converted to the effective index, which is defined as ݊௘௙௙ ൌ ߚȀ݇଴. Fig. 2 shows the 
variant of the effective indices of the ଴ଵ mode depending on core thickness and wavelength at a fixed (ܰܣ௖௢ = 
0.09, ܰܣ௖௢ ൌ ඥ݊௖௢ଶ െ ݊௖௟௔ௗଶ ) and hole diameter of 4 ߤ݉. Here, the refractive index of silica at 1.0 ߤ݉ was 1.4571. 
In general, the modal cut-off takes place when the effective refractive index of the guided mode becomes equal to 
the silica cladding refractive index. 
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 After cut-off wavelength, the mode does not guide through the core any more. In Fig. 2, it is noted that DCOF 
shows a fundamental (଴ଵ) cut-off mode wavelength, where the effective refractive index  ሺ݊௘௙௙ሻ of the ଴ଵ mode 
come to the silica cladding refractive index ሺ݊௖௟௔ௗሻ. Beyond this wavelength, the fundamental mode does not exist 
in the core. This property is similar to that of W-type fiber, which exhibits the waveguide filter characteristics12. The 
appearance of the fundamental mode cut-off in a DCOF is due to the negative value of the volume integration of 
relative refractive index in a hollow structure (because of its central air hole section)13.  
 
Fig. 2. Shows a fundamental (଴ଵ) mode depends on variations of effective indices depending on the wavelength and the core thickness. 
In the DCOF, the air core effects on modal characteristics. The effective index changes of ଴ଵ and ଵଵ mode 
were calculated at a fixed core thickness of 5 ߤ݉ and the core NA of 0.09. Here, the refractive index of silica 
cladding was 1.45, which indicates that the dependence on the air hole size in the cut-off wavelength of the ଴ଵ 
mode is small. However, the effective indices of the ଴ଵ mode at shorter wavelengths were different, depending on 
the core size, which in fact will affect the modal properties of bending loss of DCOF. For example, the low effective 
index of ଴ଵ at a given wavelength could be detrimental to the bending performances of the ଴ଵ mode in the fiber. 
In terms of the fiber waveguide filter, the bending loss is highly related to the sharpness of the filter. In the case of 
DCOF with the core radius of 5 ߤ݉, the effective index of the ଵଵ mode significantly closes to that of the ଴ଵ 
mode, For the higher order mode ଵଵ, the cut-off wavelength shifted to the longer wavelength side when the hole 
size is increased. In the case of HCF with the air core radius of 5 ߤ݉ , the effective index of the ଵଵ  mode 
significantly closes to that of the ଴ଵ mode, which means that the fiber with the larger core size can easily be multi 
mode and it is difficult to separate the higher order modes from the fundamental (଴ଵ) mode. Therefore, for the 
gain medium, if the core size becomes larger, the core area can be relatively increased and this improves the pump 
absorption in cladding pump configuration, while the single-mode operation at a desired wavelength will become 
more challenging. 
2.1. Modal field distribution in DCOF 
The propagation constant ሺߚሻ and the parameters v, u and w are calculated from the characteristic eqn. (7). Also, 
by applying the boundary conditions (field continuity at  ݎ ൌ ݎ௔௜௥  and ݎ௖௟௔ௗ), the constants A, B, C and D can be 
calculated numerically from the eqn. (3). After obtaining all these parameters, the modal field distribution of LP 
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modes supported by the ring-core can be obtained. Fig. 3 shows the modal field distributions of different modes 
ሺ଴ଵǡ ଵଵǡ ଶଵܽ݊݀ଷଵሻ in a DCOF with a 5 ߤ݉ hollow core radius and a 3 ߤ݉ outer core thickness. In order to 
see another higher order modes, the core index was increased to ܰܣܿ݋ ൌ ͲǤͳͻሺο݊̱ͲǤͲͳʹሻand the wavelength 
was considered as 1.55 ߤ݉. 
 
Fig. 3. Modal field distribution of DCOF; Wavelength: 1.55 ߤ݉, inner core radius: 5 ߤ݉, outer core thickness: 3ߤ݉, ୡ୭ : 0.19, (a) ଴ଵ, (b) 
ଵଵ, (c) ଶଵ, (d) ଷଵ 
The modal field distribution of the ଴ଵ mode was doughnut-shaped and the optical field is well confined in the 
ring-core as shown in Fig. 3 (a) However, the field component in the central air region is very weak, while it is 
relatively strong in the ring core and the field is broadened from the ring-core to the silica cladding, which causes 
the increase of the mode field diameter.  
 
Fig. 4. Variation of power confinement with the radial distance in core and cladding. 
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The higher order mode fields are also formed in the ring core, whose cut-off characteristics are significantly 
dependent on the air core size. For a fiber laser, the mode confinement factor (overlap factor with a doped core) of 
the signal is one of the important parameters, because the signal gain linearly increases depending on the mode 
confinement factor14-15. When the effective refractive index ሺ݊௘௙௙ሻ is near to the refractive index ሺ݊௖௟௔ௗሻ  of the 
silica cladding, the w is decreases, the modal parameter u is increasing and the field penetrates deeper into the silica 
cladding. In Fig. 4 the normalized power confinement distributions along radial distance were calculated at several 
core thicknesses. Here, the core ܰܣ௖௢  of 0.19 and core radius of 5 ߤ݉ was fixed. The wavelength of the light 
approaches the fundamental cut-off mode of the fiber, the modal confinement factor is significantly reduced and the 
field gets broader. Beyond the fundamental mode cut-off where݊௘௙௙ ൌ ݊௖௟௔ௗ, the modal field does not exist in the 
ring-core any more. This makes the DCOF suitable for a distributed wavelength filter. 
2.2. Numerical approaches to the bending losses of DCOF  
Bending loss in the optical fiber is important issues of higher power optical fiber laser sources. A high bending 
loss at the signal wavelength degrades amplifier performance by reducing the gain. In addition, for compact devices, 
a bend-resistant fiber is may be needed. In a cladding-pumped configuration, the signal that escapes from the core 
caused by bending can become a noise source which may cause cladding mode lasing or amplified stimulated 
emission (ASE) noise due to mode-mixing or mode-coupling between the fundamental mode and other higher 
modes. In order to study the bending loss property of DCOF, the uniform bending loss ሺߙ௕௘௡ௗ௜௡௚ሻ formula for an 
arbitrary index profile single mode fiber derived from16 is used 
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where R is bending radius, ݊௖௢௥௘  is the refractive index of the core, ݎ௖௢௥௘  is the core radius, ߣis the operating 
wavelength. ∞ܹ is the new mode field radius representing the bend sensitivity. This is defined by the propagation 
constant ߚof the ଴ଵ mode and the wave number in the cladding ݇௖௟௔ௗ  as follows17 
2
2 2
2                                                                      (9)
clad
W
kEf    
The bend sensitivity is determined by the propagation constantሺߚሻ , which is varied by the core radius, the 
wavelengths and the relative refractive index difference between core and cladding. When ߚ approaches the wave 
number in the cladding݇௖௟௔ௗ , the bend sensitivity is significantly increased. It means that the refractive index 
difference between effective core index ሺ݊௘௙௙ሻ and silica cladding is related to the bending loss. The smaller it is, 
the higher the bending loss becomes18. In eqn. (8), ܣ௖௟ଶ Ȁ ௧ܲ  is another important parameter, which represents the 
normalized field intensity coefficient in the cladding region. This parameter can be obtained from the following 
relations; 
0
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where e(r) is the radial field function in the cladding, ܣ௖௟ is the coefficient of the field function, ܭ଴ is the Bessel 
function of the first order and ௧ܲ is the integrated field intensity, which is obtained by the radial field distribution e(r) 
in the cladding. For the distributed wavelength waveguide filter, the bend sensitivity is very high around the 
fundamental cut-off mode wavelength range, because the effective index ሺ݊௘௙௙ሻ of the fundamental mode is close to 
the refractive index of the silica claddingሺ݊௖௟௔ௗሻ. In the case of a DCOF, the bending loss is significantly increased 
just before reaching the fundamental cut-off mode wavelength, while the bending loss is maintained at a low value 
far from the fundamental mode cut-off wavelength to the shorter wavelength side. Although the fundamental cut-off 
mode in the DCOF is defined in theoryሺ݊௘௙௙ ൌ ݊௖௟௔ௗሻ, the cut-off mode wavelength is difficult to define in a real 
case because of the very high bend-sensitivity near the theoretical fundamental cut-off mode wavelength. The 
bending loss, effective indices and MFD is function of the wavelength, were calculated in DCOF at several bending 
radii using eqn. (8-11) based on the16. The calculated result is presented in Fig. 5. Here, the DCOF is composed of 
the 3 ߤ݉ outer core thickness, 5 ߤ݉ air core radius, and 0.09 ܰܣ௖௢ . The theoretical fundamental cut-off mode 
wavelength was 1.53 ߤ݉. At this wavelength, the bending loss of the ଴ଵ  mode is significantly higher, which 
indicates that the light cannot be confined any more in the ring-core. Further coiling causes huge bending loss on the 
shorter wavelength side and it effectively makes the fundamental cut-off mode wavelength shift to shorter 
wavelengths. In practice, the induced 70% loss of the power per unit length is large enough for the fiber to be 
considered as ‘non-guiding’19.  
 
. Fig. 5. Bending loss at bending radii (10 mm) depends on wavelength 
Based on this, the fundamental cut-off mode wavelength can be defined practically, which is called as the effective 
fundamental cut-off mode wavelength. The effective fundamental cut-off mode wavelength is ͳǤʹߤ݉, when the 
fiber was curved with bending radius of 15 mm and it is shifted to the shorter wavelength by bending, 1.13 ߤ݉ for a 
bending radius of 10 mm and 1.05 ߤ݉ for bending radius of 5 mm. A significant discrepancy exists between the 
effective and theoretical fundamental cut-off mode wavelength. The wavelength space between the theoretical and 
the effective fundamental cut-off mode is ~ 0.004 ߤ݉ for 10 mm bending radius, which is, in fact, too broad. This 
should be considered when the fiber waveguide is designed. The bending loss in the fiber is maintained at a low 
value. Over 1 ߤ݉, the bending loss is too high to be used as a fiber laser. 
3. Conclusion 
We have performed the new structure and enhance optical characteristics in a depressed core optical fiber. Using 
unique guiding characteristics of the depressed core optical fiber, we have analysis mode field distribution in 
different modes, bend losses and power confinement in ring core. The simulation results show that with the increase 
of the core radius, modal field distribution and the bending loss are decreased and it is more beneficial for optical 
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communication point of view. This design and information is useful for design novel fiber devices with multifaceted 
functionalities like mode converter and different types of filters that have not been achieved in previous arts. This 
novel structure could provide a high efficiency for low loss transmission for long distance optical communication 
networks. 
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